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ABSTRACT 
ADENOSINE 3 '  , 5 ' -CYCLIC MONOPHOSPHATE ACTIVATION OF ISLET CHLORIDE 
CHANNELS 
By Anjali Varandani, M. S. 
A thesis submit ted in partial fulfillment of 
degree of Master of Science at the Medical 
Virginia Commonwealth University 
the requirements for 
College of Virginia 
Medical College of Virginia of Virginia Commonwealth University, 1998 
the 
of 
Advisor : Leslie S. Satin Ph. D. , Associate Professor, Departments of 
Pharmacology and Toxicology and of Physiology 
The objective of this thesis was to understand the regulatiQn of 
islet Cl- current by cAMP. This current, known as Ie1 , >slet ' is the first 
Cl- channel current characterized in pancreatic � cells. Ie1, islet has been 
hypothesized to modulate insulin secretion through changes in islet 
electrical act i vity. Both 5 �M forskolin and 100 �M IBMX (3-isobutyl-1-
methylxanthine), agents that increase intracellular cAMP, were shown to 
activate an outwardly-rectifying ionic current in HIT cells that closely 
resembled leI. >slet' The current was blocked when iodide was substituted 
for external Cl- or when the Cl- channel blocker niflumic acid was 
applied to cells. In contrast, removal of [Na-) o did not inhibit the 
current. In many cells, Cl- current activated and then spontaneously 
deactivated following cAMP stimulation, suggesting the possibility that 
viii 
the channel desensitizes to [cAMP] i. Exposing cells to multiple cAMP 
activators revealed that Cl- current declined because it became 
refractory to increased [cAMP],. 
islet physiology is discussed. 
The implication of these results to 
INTRODUCTION 
PANCREATIC � CELL 
Pancreatic � cells are located in the collection of endocrine 
cells called the islets of Langerhans. The number of islets per 
pancreas ranges from 100, 000 to 2, 500, 000, and the diameters of these 
islets vary from 50 to 300 11M (Cook and Taborsky, 1990). � cells 
comprise between 65% and 90% of the islet cell population and synthesize 
and secrete insulin. Other islet cells include glucagon-releasing a 
cells, which comprise between 15-20% of the islets, and somatostatin­
containing 8 cells, which constitute between 3-10% of the islet. Islet 
cells interact with other cells of the same or different type through 
paracrine mechanisms or gap junctions (Ashcroft and Rorsman, 1989). 
ELECTROPHYSIOLOGY OF THE � CELL 
Insulin release from � cells is regulated in part by � cell 
channel regulation. Classical glucose-stimulated insulin secretion and 
islet resting membrane potential are chiefly regulated by the activity 
of �-cell K-ATP channels. When plasma glucose increases, � cell glucose 
uptake and metabolism are stimulated, resulting in an increase �n 
intracellular ATP : ADP. This results in the closure of K-ATP channels 
and subsequent cell membrane depolarization. This depolarization 
induces the opening of voltage-dependent Ca2- channels, which increases 
Ca2- influx, leading to insulin secretion (Ashcroft and Rorsman, 1989). 
This mechanism is somewhat over simplified as it does not account 
for the repetitive electrical activity of the intact islet, referred to 
as "bursting. " Bursting results from increased islet ion fluxes. 
2 
In 0 
roM glucose, islet membrane potential resides around - 7 0  mV, very close 
to the potassium equilibrium potential (which lies between -80 and -90 
mV) However, when the concentration of glucose is increased beyond 7 
roM, islet membrane potential depolarizes to about -50 mV, and bursting 
electrical activity is initiated (Satin and Smolen, 1994). Bursting 
consists of periodic slow plateaus occurring between -65 and -40 mV with 
superimposed 40 millisecond spikes to about -10 mV (Dean and Matthews, 
19 70a, b). Between bursts, the islet repolarizes to about -55 mV, and 
there is a transient cessation of electrical activity. Silent phases 
are then followed by a slow depolarization to trigger a subsequent 
plateau. Under steady-state conditions, islets bathed in 5. 5 roM glucose 
exhibit plateau waves that last 5-6 seconds and a silent interburst 
phase of about 25 second duration. As the concentration of glucose is 
increased, the silent phases are shortened, and the plateau spiking 
, 
phases are lengthened proportionally (Meissner and Schmelz, 19 74) . 
Increasing glucose increases calcium in flux and insulin secretion in 
bursting islet cells by increasing plateau duration and thus Ca2> 
spiking (Cook 1984). Since these spikes reflect the opening of  voltage-
activated Ca2> channels (Meissner and Schmeer, 1981), islet bursting 
provides a mechanism by which the � cell can alter insulin secretion in 
response to glucose (Satin and Smolen, 1994). 
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cAMP AND ISLETS 
Adenosine 3' , 5'-monophosphate (cAMP) is known to influence various 
steps in the control of insulin secretion (Cook and Taborsky, 1990), 
including bursting (Eddlestone e t  al . ,  1985) Eddlestone et a l . (1985) 
propose that the phosphorylation of channel proteins by cAMP-dependent 
protein kinase (PKA) results in the potentiation of glucose-induced 
insulin release through changes in �-cell electrical activity. cAMP is 
formed following the activation of adenylate cyclase by guanine-
nucleotide binding proteins (G-proteins) (Cook and Taborsky, 19 90) . 
Inhibition of cyclic nucleotide phosphodiesterases, enzymes involved in 
cAMP degradation to adenosine 5'-monophosphate, can also raise 
intracellular cAMP (Eddlestone e t  a l . ,  1985). The application of 
adenylate cyclase activators, cAMP phosphodiesterase inhibitors or 
exogenous cAMP itself all potentiate glucose-induced insulin secretion 
(Henquin and Meissner, 1984a). Cook and Taborsky (19 90) suggested,
that 
the activation of PKA following an increase in intracellular cAMP is 
responsible for increased insulin secretion. 
Adenylate cyclase activity also can be stimulated by forskolin, a 
diterpene isolated from the plant Col eus forskoh l i i .  Under conditions 
where stimulatory concentrations of glucose were used (�5. 6 mM), 3-30 �M 
forskolin increases cAMP levels and insulin release. Whi Ie forskol in 
also increases cAMP levels when nonstimulatory concentrations of glucose 
are used, this does not result in the stimulation of insulin release. 
These studies thus support the hypothesis that cAMP is not an initiator 
but a potentiator of insulin release (Wiedenkeller and Sharp, 1983) 
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Intracellular cAMP levels also can be raised using the 
methylxanthine IBMX (3-isobutyl-1-methylxanthine) which is an inhibitor 
of cytoplasmic phosphodiesterases. IBMX, like forskolin, also 
potentiates but does not initiate glucose-stimulated insulin release. 
Studies show that 100 �M IBMX results in an acute release of insulin in 
the presence of stimulatory concentrations of glucose. In combination, 
these two stimuli induce a prolonged phase of potentiated insulin 
secretion (Hi ll and Boyd, 1985) 
Arnmala e t  a l . (19 93) suggest that 80% of cAMP's effect on 
secretion is actually due to a direct action of cAMP on the secretory 
apparatus itself. Protein phosphorylation, by way of Ca" -calmodulin­
dependent kinase, along with PKA, may be involved in this modulation by 
mobilizing insulin secretory granules. In one study, forskolin was 
shown to directly increase granular movement in cells exposed to 
stimulatory concentrations of glucose (Hisatomi et a l . ,  19 96). 
cAMP AND BURSTING 
As for insulin secretion, cAMP is also a potentiator rather than 
an initiator of islet electrical activity (Eddlestone et a l . ,  1985) 
Henquin and Meissner (1984a) have shown that increasing [cAMP) i using 
the methylxanthine theophylline or dibutryl cAMP resulted in �-cell 
depolarization when glucose was elevated. This resulted in the 
appearance of slow waves and increased insulin release. Forskolin 
increases intracellular levels of cAMP and initiates Ca" -dependent 
electrical activity. Specifically, the drug increases slow wave 
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duration and shortens the interburst intervals (Henquin e t  ai. , 1983). 
In addition, Ikeuchi and Cook (1984) found that forskolin increases 
plateau fraction (the fraction of time spent in the plateau 
depolarization phase of each cycle) and frequency, unlike the effect of 
elevating glucose. Eddlestone e t  ai. (1985) reproduced the finding that 
IBMX increases plateau fraction in the presence of stimulatory glucose 
concentrations. 
CHLORIDE CHANNELS-OVERVIEW 
Chloride channels are known to be present in virtually every cell. 
In many cells, the chloride electrochemical gradient across the plasma 
membrane is believed to be nearly in equilibrium with the cell membrane 
potential. This suggests that the opening of chloride channels will not 
usually result in large changes in membrane potential or 
concentration but will stabilize membrane potential (Jentsch and 
, 
Gunther, 1 9 9 7) Volume-sensitive chloride channels are known to play a 
role in cell volume regulation by behaving as volume sensors that are 
themselves regulated by various other proteins. The activation of these 
anion channels by conditions that promote cell swelling results in 
increased efflux of Cl- and other osmolytes (Okada, 1 9 9 7). In Xenop u s  
oocytes, for example, the reduction of the extracellular osmolarity by 
50 % (producing a hypotonic environment) is known to activate calcium-
independent chloride currents that can be blocked by the chloride 
channel blocker DIDS (4, 4 ' -diisothiocyanatostilbene-2, 2'-disulfonic 
acid) . (Ackerman e t  ai. , 19 94). Kinard and Satin (19 96) have observed a 
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volume-activated ion current in mouse �-cells and insulin-secreting cell 
lines. This current, which they called ICl. islet' is also Ca
2> -
independent, displays prominent outward rectification (see Appendix) at 
positive voltages, is inhibited by DIDS, and appears to require 
intracellular ATP. It has been proposed that this current is involved 
in the regulatory volume decrease (RVD) observed after these cells are 
exposed to hypotonic solutions that cause cell swelling. 
CHLORIDE CHANNELS AND cAMP 
The Cl- channels of  a number of  tissues appear to be activated by 
cAMP. For example, cultured chick cardiac myocytes exhibi t a time-
independent, outwardly rectifying Cl- current that activates following 
exposure of the cells to forskolin or cAMP (Liu e t  al. , 1994). Another 
cAMP-mediated C1- current is found in avian salt gland cells. This Cl-
current is stimulated by avian vasoactive intestinal peptide or 
forskolin and is blocked by the Cl- blocker niflumic acid. Activ�tion 
of this current produces sustained depolarization to near the Cl-
reversal potential; in addition, the channel displayed outward 
rectification and is time-independent (Martin and Shuttleworth, 1994). 
Hughes and Segawa (1993) describe a cAMP-mediated chloride current in 
retinal pigment epithelial cells that is activated by forskolin, is 
blocked by niflumic acid, shows time-independent activation, and has a 
reversal potential near the Cl- equilibrium potential. This current is 
independent of  changes in extracellular [Na>]. Perhaps the best known 
cAMP-activated Cl- channel is CFTR (for cystic Fibrosis Transmembrane 
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Conductance Regulator). Like Iel. >$let' CFTR has the hal ide permeabi 1 i ty 
sequence Br>Cl>I. Unlike Iel.islet' however, CFTR has a linear I-V 
relationship and is neither activated by cell-swelling nor blocked by 
DIDS (Fuller and Benos, 1992) 
MEDIATION OF Iel.islet 
At about the same time 10. islet was discovered, another current, 
IeAMP' was described in H IT cells (Holz et al. , 1995) IeAHP is an inward 
cation current mediated by nonselective cation channels that are 
activated by elevated intracellular Ca2• and cAMP. IeMP is dependent on 
external Na· and internal Ca2., and appears to activate following the 
direct binding of cAMP to the channel itself. IeAMP is reported to be 
blocked by external La]· or the Ca2• chelator EGTA. 
To study the mechanism of activation of IO.islet by cAMP, two 
agents known to increase cAMP levels within the cell were used : IBMX and 
, 
forskolin. The goal of this project was to examine the action of these 
agents on Cl- current in islet cells. In addition, the relationship 
between Iel.islet and IeAMP (Holz et al. , 1995) was investigated. 
I found that IBMX or forskolin were able to activate membrane 
current in HIT cells under conditions where all competing Na-, K-, and 
Ca2- channels were largely eliminated. The properties of this current 
(increased whole-cell slope conductance, outward rectification, and 
reversal potentials) were in the range observed for leI. ,slet (Kinard and 
Satin, 1995) . In addition, the cAMP-activated current observed was 
blocked by niflumic acid, a well-known chloride channel blocker, as 
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observed by Kinard and Satin for ICl.,.'et (unpublished). The data also 
showed that IBMX activation appeared to be dose-dependent. The current 
was also unlikely to require the presence of external Na-. In most 
cells, the activation of Ie!" Sl.t was transient, despite the use of 
different agents to increase the level of intracellular cAMP, or use of 
two agents in tandem. Thus, these data show that IBMX or forskolin 
appear to transiently and selectively activate ICl. isl.t in HIT cells, but 
not the IcAliP described by Holz et ai. (1995) Since ICl. islet media tes 
depolarizing inward current at physiological potentials, this channel 
may contribute to the transient depolarization of islets observed 
following cAMP elevation in stimulatory concentrations of glucose. 
MATERIALS AND METHODS 
CELL CULTURE AND PASSAGING 
HIT cells were obtained from frozen stocks at passages 50 through 
58, thawed, and grown in T-25 culture flasks (Santerre et ai. , 1981, 
Satin and Cook, 1988). Plating media consisted of HAMS F-12 supplemented 
with 15% FBS (Fetal Bovine Serum). Cells were passaged weekly using the 
following procedure : a flask of cells was briefly exposed to 3 mL 
trypsin- EDTA (0. 05% trypsin, 0. 53 mM EDTA-4Na), then trypsin solution 
(lmL) was again added, and the flask was placed in the incubator for 4 
minutes at 37°C. Using a plastic pipette, about 1 mL of plating media 
was added to deactivate the trypsin, the cells were titrated briefly, 
and the content of the flask was then transferred using the same pipette 
into a vial containing 9 mL of plating media. A 10 �L sample of ,this 
cell concentrate was placed in a hemocytometer, cells in each quadrant 
were counted, and average cell density was calculated. Cells were 
plated on glass cover slips at a density of 5x10-5 cells per mL and the 
remaining concentrate was aliquoted (maintaining the same cell density) 
into flasks, one of which would be chosen for passaging the following 
week. Passaged cells were fed the following day and then once more 
during the week. Cells used were between passages 59 and 72. 
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WHOLE CELL PATCH CLAMP TECHNIQUE 
H IT cells were placed in a recording chamber mounted on an 
inverted microscope. The cells in the chamber were exposed to a 
constant flow of external solution at 20-22 °C. A lag time of 30 
seconds was required to completely replace the chamber volume, as 
assessed using colored dyes. Cl- current was measured using the whole-
cell patch clamp technique. This technique requires the formation of a 
gigaseal by touching the tip of the pipette to the cell membrane and 
applying light suction. Then, without damaging the seal between the 
membrane and the rim of the pipette, further suction is applied to break 
the patch of membrane enclosed by the pipette tip. The internal 
solution in the electrode then dialyzes the interior of the cell, which 
allows ionic current to be measured under voltage-clamp as the pipette 
, 
current (Hamill et al., 1981) . The electrodes used in these studies 
were pulled from borosilicate capillaries using a Sutter P97 puller, 
coated with Sylgard and fire-polished. Resistances of the pipettes and 
seals were 5-20 MO and 2-20 GO, respectively. An AgC12 pellet or a 
flowing KCl junction were used as bath reference electrodes. In all the 
studies, single isolated H IT cells were held at -65 mV. 
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SOLUTIONS 
External solutions were designed to isolate chloride current from 
other known ion currents. The N-methyl-d-glucamine (NMDG) external 
buffer solution contained (in mM) 120 NMDG-Cl, 10 tetraethylammonium 
(TEA) -Cl, 1 MgC12, 3 CaC12, 10 HEPES, 11. 1 glucose, and 5x10-' 
tetrodotoxin (TTX). The Ca2' external buffer solution contained (in mM) : 
1 15 NaCl, 10 TEA-Cl, 5 CsCl, 1 MgC12. 3 CaC12, 10 HEPES, 1 1. 1 glucose, 
and 5x10-4 TTX. The internal solution used in all experiments contained 
(in mM): 114 CsOH, 114 aspartic acid, 10 CsCl, 20 HEPES, 10 4-
aminopyridine (4-AP), 2 Mg2ATP, and 1 EGTA; the [Ca2,], of this solution 
was 5 nM (Satin et a1 . ,  1989) . All solutions were at pH 7. 2. CdC12 
(final concentration, 0. 07 or 0. 2 mM) was added to the external buffer 
solutions to block Ca2• channels (Satin and Cook, 1988) . Internal ATP, 
4-AP, Cs', and external TEA' were added to block K' currents, while NMDG 
and/or TTX were used to blunt Na' influx. K-Asp internal solution was 
used in some studies and did not seem to significantly alter the 
properties of the current. In addition, cells in some studies were 
exposed to hypotonic solution made up in NMDG buffer. NMDG was reduced 
25% from 120 to 90 mM. This external hypotonic solution contained (in 
mM) 90 NMDG-Cl, 10 TEA-Cl, 1 MgC12, 3 CaC12, 10 HEPES, 11. 1 glucose, and 
5x10-4 TTX. The liquid junction potential between the NMDG external 
solution and Cs-Asp internal solution was +22 mV, while the liquid 
junction potential between the Ca2' external buffer solution and the Cs-
Asp internal solution was +8 mV (Kinard and Satin, 1995) . Note that in 
all graphs these offsets were not used to correct the voltages. 
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AGENTS 
IBMX, forskolin and niflumic acid were purchased from Sigma. 
Stock solutions of IBMX, forskolin and niflumic acid were prepared in 
DMSO and external solutions were made fresh daily. 
ELECTRONICS 
A Macintosh Quadra 800 computer was used to acquire, analyze, and 
graph. A 16-bit hardware interface (ITC-16 Instrutech, Elmont, NY) and 
IgorPro software (Wavemetrics, Lake Oswego, OR) were utilized to produce 
current-voltage (I-V) and monitoring test pulse protocols. Currents 
were filtered at 2 kHz before sampling at 5 kHz. Software was provided 
by R. Bookman and J. Herrington of the University of Miami, Miami, Fl. 
Pulse evoked currents were analyzed as in Satin and Cook (1988, 1989) 
and neither baseline nor leak subtraction was used (Kinard and Satin, 
1995) . 
RESULTS 
Agents or hormones that increase intracellular cAMP potentiate 
insulin secretion (Hill and Boyd, 1985; Eddlestone et a l . ,  1985; Phang 
et a l . ,  1984; Wiedenkeller and Sharp 1983) and islet electrical activity 
in stimulatory concentrations of glucose (Cook and Ikeuchi, 1981; 
Eddlestone et al . ,  1985; Henquin et a l . ,  1983). However, the molecular 
target (s) mediating these actions are uncertain. Work by Kinard and 
Satin (1995) identified a novel, outwardly rectifying and swelling­
activated chloride current in mouse islet cells and HIT cells. 
Activation of ICl. isle, also occurred when HIT cells were treated with 8-
Br-cAMP. At physiological membrane potentials (e.g. >-20 mV), 
activation of ICl., .,e, would be expected to mediate an inward current 
that would depolarize the cell, resulting in increased (Ca2'], and 
secretion. Thus, these resul ts led to the hypothes is that leI. ,sle, 
mediated some of the proximal actions of cAMP in islets. However, 
Kinard and Satin (1995) only tested whether 8-Br-cAMP, applied 
externally, could activate the channel. It was not clear whether 
Iel. ,.le< activation was due to an intracellular site of cAMP action or an 
external effect. In other systems, external cAMP has been shown to 
interact with membrane Cl- channels (Ackerman et a l . ,  1994) Therefore, 
two agents known to increase intracellular cAMP were tested to see 
whether they could activate islet Cl- channels. My hypothesis was that 
IBMX and forskolin should activate Ie, .,.'e, as intracellular cAMP 
13 
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increased and that the kinetics of the responses to IBMX and forskolin 
might differ from that found for 8-Br-cAMP. 
IBMX ACTIVA TES AN OUTWARDLY RECTIFYING CURRENT IN HIT CELLS 
Figure 1 shows a HIT cell clamped at -65 mV at room temperature, 
where 40 msec test pulses to +10 mV were applied ac 0. 2 Hz to monitor 
chloride current. After running an I-V protocol, the current was found 
to be stable at about -10 pA and the cell was then peri fused with an 
external solution containing 100 11M IBMX. In this study, NaCl was 
replaced by N-methyl-D-glucamine-Cl (NMDG). As can be seen in Figure 1, 
the outward current amplitude began to increase within about 1-2 minutes 
reaching a peak of about +50 pA. Note that the current then decreased 
spontaneously despite continual exposure to IBMX. A second I-V protocol 
was then initiated during the decaying phase. Nevertheless, this I-V 
relationship revealed that IBMX increased whole cell slope conductance 
at potentials negative to -30 mV and activated a current exhibiting 
strong outward rectification beyond +20 mV (Figure 2 ) After 
correction, the reversal potential for IBMX-activated c rrent was near 
-12 mV. This value fell within the range observed by Kinard and Satin 
(1995) for ICl.>5 ot . The strong outward rectification and reversal 
potential observed for the IBMX-activated current were similar to those 
observed for Ie .  >slot · The presence of either 70 or 200 11M Cd in the 
external solution did not inhibit the current. Application of solution 
containing 100 11M IBMX activaced an outward current in 19 of the 25 
cells tested. However, 4 cells failed to respond to IBMX, presumably 
15 
Figure 1: IBMX activates an outward current in HIT cells 
Under conditions chosen to block competing ion channels, exposure of cells to 100 � 
IBMX (box) led to a transient peak of outward current within 1-2 minutes. Filled circles 
denote peak CUITent elicited by 40 msec test pulses from -65 mY to + 10 m V applied at 0 .2 
kHz. 
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Figure 2: Curren t-voltage (I -V) relationship for IBMX-activated current 
1-Y relationship for control (filled circles) and IBMX-activated (filled triangles) current. 
Current after IBMX is denoted by filled squares. IBMX increased whole cell slope 
conductance at potentials negative to -30 mY and outward rectification beyond +20 mY. 
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due to the low concentration of IBMX, while the two other cells tested 
showed unusual responses to IBMX that were not pursued further. 
Interestingly, a small U-shaped inward current which resembled a 
residual HIT cell Ca" current was observed in many cells in control 
solution. This current was observed despite our use of sufficient Cd to 
completely block all classical voltage-gated Ca" currents in these 
cells (Satin and Cook, 1988). A similar Cd-insensitive inward current 
was also observed on occasion by Satin and Tavalin in HIT cells 
(unpublished) . 
IBMX-ACTIVA TED CURRENT IS BLOCKED BY A CHLORIDE CHANNEL BLOCKER 
To further test the hypothesis that IBMX-activated current was 
mediated by chloride channels, we applied 100 �M niflumic acid, a well-
known chloride channel blocker to the cells in IBMX (Hughes and Segawa, 
1993) . After running an initial I-V protocol, cells were exposed to 
, 
NMDG external containing 100 �M IBMX. Figure 3 shows that an outward 
current activated following IBMX application and peaked after about 3 
minutes. The subsequent addition of niflumic acid (100 �M) completely 
blocked the current. Figure 4 shows that IBMX was again associated with 
increased whole cell slope conductance at potentials negative to -20 mV 
and strong outward rectification at voltages positive to +10 mV. The 
reversal potential of IBMX-activated current in this cell was -10 mV, 
which yielded a corrected reversal potential of -32 mV. Analysis of the 
I-V data obtained in niflumic acid shows that this agent decreased whole 
cell sl"ope conductance. Niflumic acid inhibited IBMX-activated current 
Figu re 3: Effect of niflumic acid on IBMX-activated current 
20 
Time course for a representative cell showing that lBMX-activated current was blocked by 
1 0 0  11M niflumic acid. The dotted line sloping upwards denotes increased basal outward 
current, presumably due to Ca2+ current rundown. 
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Figure 4: Effect of n iflumic acid on the I-V properties of 
IBMX-activated current 
22 
[ -Y relationship for control (filled circles), IBMX-activated current (filled triangles), and 
IBMX current after block by niflumic acid (filled squares). Current after IBMX and 
niflumic is denoted by open circles. IBMX increased whole cell slope conductance at 
potentials negative to -20 mY and outward rectification beyond +10 mY. 
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in 3 of 3 cells tested. The Cl- current observed by Kinard and Satin 
(1995) by comparison also demonstrated similar strong outward 
rectification and was blocked by the chloride channel blocker DIDS 
(Kinard and Satin, 1995) and niflumic acid (Kinard and Satin, 
unpublished observations) . These data support the hypothesis that the 
current activated by IBMX is Iel. islet. 
IBMX-ACTIVA TED CURRENT IS REDUCED BY IODIDE SUBSTITUTION FOR CHLORIDE 
Kinard and Satin (1995) found that ICl. islet was inhibited when 
external NaCl was replaced by NaI. This is a highly unique 
characteristic of ICl. islet compared to most other swelling-activated Cl-
channels since the iodide permeability of most Cl- channels is usually 
greater than that of chloride (Okada, 1997) For this reason, I tested 
whether IBMX-activated current increased or decreased when Cl- was 
replaced by iodide. Current was activated by exposing cells to 100 �M 
IBMX added to a NaCl-rich external solution. Once current amplit
'ude 
became maximal (at approximately +225 pA) , a solution was applied in 
which NaI was replaced by NaCl. Figure 5 shows a representative cell 
where IBMX-activated current was activated following a prolonged control 
period. It can be seen that switching to the NaI external solution 
caused a dramatic decrease in current amplitude to levels below baseline 
values. This is an indication that significant chloride current was 
activated under basal conditions in this cell. This result was 
replicated in 3 of 3 cells. Blockage of the current by iodide 
25 
Figure 5: Effect of iodide on IBMX-activated current 
Time course for a representative cell showing that 1 0 0 � IBMX-activated current was 
blocked when NaCl was replaced by Nal in the external solution. The dramatic decrease in 
current amplitude to levels below baseline suggests there was significant chloride current 
activation under basal conditions. 
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substitution is consistent with the hypothesis that the current under 
investigation is Ie!'>51et. 
DOSE-DEPENDENCE OF Iel. >sl.e TO IBMX 
To test ' whether the activation of Ie!. >slet by IBMX was dose-
dependent, individual cells were exposed to two different concentrations 
of the phosphodiesterase inhibitor. Figure 6 shows that application of 
20 �M IBMX produced a small increase in current within about 1 minute, 
while 100 �M IBMX resulted in a more robust increase. This was observed 
in 3 of 3 cells. The average increase in absolute current obtained with 
20 �M IBMX was 7 . 3  ± 2. 3 pA (mean ± standard error) while the average 
increase obtained with 100 �M IBMX was 50. 0 ± 17 . 6  pA mean ± standard 
error) (Figure 7). Although a one-tail paired t-test did not achieve 
statistical significance (p value = 0. 051), presumably due to the small 
N employed, all 3 cells trended upwards as the dose was increased. 
ACTIVA TION OF Iel. >slet BY FORSKOLIN 
To test whether Ie!. >slet was activatable by forskolin, 5 �M 
forskolin was applied to individual HIT cells. Figure 8 shows a cell 
where forskolin was applied after an initial I-V protocol was carried 
out in NMDG-containing external solution. Iel.Ulet increased gradually 
for about 2 minutes until it reached its peak. Outward current then 
began to decrease spontaneously despite continuo s exposure to 
forskolin. This decrease was also observed following IBMX-induced 
activat"ion. Figure 9 shows that forsko in-activated current showed 
28 
Figure 6: IBMX appears to be dose-dependent (I) 
Representati ve cell showing the response of IBMX -acti vated CUITent to 20 llM and 1 0 0 )lM 
IBMX. The increase in IBMX-activated current was much more profound in response to 
1 00 IlM IBMX. 
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Figure 7: IBMX appears to b e  dose-dependent (II) 
Summary of dose -response data. The average increase in absolute CUITent for three cells 
treated with 2 0  �M IBMX was 7. 3 ± 2.3 pA, and for 1 0 0 �M lBMX was 50. 0  ± 1 7.6 pA. 
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Figure 8: Forskolin activates lCi,is,e, in Na+ -free external solution 
3 2  
Time course for a representative cell showing that 5 �M forskolin transiently activated 
ICl.isle, in Na+-free external solution. 
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I-V relationship for control (filled circles) and forskolin (filled triangles) activation of 
[el.islet' Current after forskolin is denoted by filled squares. Forskolin increased whole cell 
slope conductance at potentials negative to -40 mV and outward rectification at potentials 
beyond 0 mV. 
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strong outward rectification at potentials positive to 0 mV. The 
reversal potential of the forskolin activated current was near 0 mV when 
uncorrected for the junction potential, or -22 mV after its correction. 
In this particular cell, forskolin did not increase whole cell slope 
conductance negative to -40 mV. Similar results were observed in 4 of 5 
cells tested. The remaining cell did not respond to forskolin. The 
reversal potential and the characteristics of the currents activated by 
forskolin generally resembled currents stimulated by 8-Br-cAMP or IBMX. 
This provides further evidence that ICl.,.,o< is likely activated by 
intracellular cAMP. 
Ie!. >sl.e IS NOT A PREVIOUSL Y REPORTED Ie;;}'" 
A novel IeAMP has been previously described in HIT cells by Holz 
et al. (1995) . This current was primarily carried by Na' influx through 
non-selective cation channels which activated in responS6 to 
intracellular Ca2• and/or cAMP (Holz et al . ,  1995). IeAl,p was blocked' by 
external La)' or by dialyzing cells with solutions containing the Ca2• 
chelator EGTA. We found that ICl.is1.e was activated by forskolin or IBMX 
even when Na-free external solution was used. Since both of these novel 
currents are activated by intracellular cAMP, we wanted to determine if 
there was a relationship between them. 
Figure 10 shows a current that activated following the 
application of 5 �M forskolin in Na'-containing external solution. 
ICl.,."t began to increase for about 1. 5 minutes and peaked around +90 
pA. The current then decreased spontaneously despite constant exposure 
Figure 10: Forskolin activates ICl,isle, in  Na+ external solution 
37 
Time course for a representative cell showing 5 11M forskolin activated ICI.isle, in Na+ -rich 
external solution. Since ICI.isic, was also activated by forskolin in Na+-free external solution, 
this suggests that [CI.isle, activation does not require external a+. 
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to forskolin. This response resembled currents observed when forskolin 
was used to activate Cl- current under Na-free condit:ions (Figure 8). 
The substantial decrease in current observed compared to baseline 
current levels suggests basal activity of Iel. >slee. Similar results were 
observed in 6 out of 9 cells; the three remaining cells were non-
responders. Hence, Iel.islee activation does not seem to require t:he 
presence of external Na· or high levels of intracellular Ca'·. 
It is important to note that IeAMP was not completely blocked by 
NMDG substitution for NaCl in Holz's studies (1995) Thus, a small 
current remained in the Na·-free external solution, which could have 
been due to let. islet· It is also possible that our use of EGTA to 
maintain low [Ca'·) i prevented the activation of IeANp• Thus, we might 
expect to see a combination of the two currents at: higher [Ca"),. What 
is clear, however, is that the expression of Ie!.islet does not seem to be 
limited by our use of EGTA. In addition, Ie!. >slet is not blocked by La)' 
, 
in H IT cells (Kinard and Satin, unpublished observations). The average 
reversal potential I observed for forskolin-activated current in NMDG 
external was - 39. 7 ± 4. 67 mV (n = 8) which is close to the reversal 
potential by Kinard and Satin (1995), -29. 5 ± 2. 6 mV (n = 5 Thus, 
the currents activated by IBMX or forskolin more closely resemble 
lel. islet than IcAMP ' 
NEITHER IBMX NOR FORSKOLIN REACTIVATE Iel. islet 
Activation of Ie!,>slet by IBMX was transient and rapidly decayed 
(Figure 1). This behavior was also observed when forskolin was used to 
40 
stimulate Iel,>5I" (Figures 8 and 10) We next wanted to test the 
hypothesis tha t the rapid decay of leI, islet resul r.ed from des ens i ti za tion 
of the channel to cAMP, and not decreased intracellular [cAMP]. 
To test this hypothesis, Iel,>slet was first activated with 5 11M 
forskolin and allowed to decrease, after which time IBMX was applied. 
Figure 11 shows that leI, islet activated after the application of 5 11M 
forskolin and then decreased, The subsequent exposure to 100 11M IBMX 
failed to appreciably reactivate Iel.islet' 
consistent in 2 of 2 cells, 
This observation was 
Since leI, >slet activated and then spontaneously decreased in 
forskolin and could not be recovered using IBMX, the opposite sequence 
was tried, Five cells were studied using 100 11M IBMX as an initial 
acti vator followed by 5 11M forskol in, As seen by Figure 12, leI, ,slet 
increased for about 1 minute after application of IBMX to about +800 pA, 
but then declined and could not reactivated by exposure to forskolin. 
Similar results were observed in 5 of 5 cells. Notice that the out�ard 
current decreased below baseline, as was generally the case for cells 
exhibiting transient current activation, We hypothesize that this might 
reflect a cAMP-dependent inhibitory process that occurs with a lag, such 
as activation of a protein phosphatase which would dephosphorylate newly 
phosphorylated channels, resulting in their closure. 
We initially thought that the rapid activation and deactivation of 
leI, ,slet might resul t from a rapid increase and decrease in intracellular 
cAMP, However, since exposing cells to a different cAMP stimulator once 
the current was activated always failed to reactivate it, r.he data 
41 
Figure 1 1: IBMX does not reactivate ICI.iS let after forskolin desensitization 
Time course for a representative cell showing that 1 00 flM lliMX could not reactivate 
ICI.lSkt following desensit ization after application of 5 flM forskolin. 
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Figure 12: Forskolin does not reactivate I Ci,islel after IBMX desensitization 
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Time course for a representative cell showing that 5 llM forskolin could not reactivate 'Cl.lskl 
following desensitization a fter application of 1 00  llM IBMX. 
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suggest that the channels become uncoupled to intrace lular cAMP once 
they activate. 
INACTIVA TION OF Ie!. ,.'ec MAY BE DUE TO THE DESENSITIZATION TO cAMP 
Reactivation of Ie ,. ,.' ec did not occur when agents known to 
increase intracellular cAMP were applied. However, it was not clear 
whether this failure to reactivate Ie, . ,.' ec was specific to IBMX or 
forskolin and that the direct application of cAMP itself could 
reactivate ICl . islec ' To test this hypothesis, Cl- current was first 
activated with 100 11M IBMX and allowed to decay and then 500 �M 8-Br-
cAMP was applied to the cells. Figure 13 shows a cell in which Ie! . ,.'ec 
increased after IBMX exposure and then spontaneously decreased. The 
current activated for about 6 minutes and decayed for about 9 minutes , 
upon which time 8-Br-cAMP was applied. ICl. islec increased somewhat upon 
exposure to 8-Br-cAMP, but the effects were small and transient. The 
reactivation of current amounted to about 35% of the initial peak 
current despite my use of a high concentration of 8-Br-cAMP (500 �M). 
Thus, cAMP, like forsko1in or IBMX was also unable to significantly 
reactivate I e, . ,.' ec after desensitization had occurred. This observation 
was representative of 3 of 3 cells and suggests that the inactivation of 
Iel. islee is likely due to a desensitization process which is distal to 
the elevation of intracellular cAMP. 
46 
Figure 13:  8-Br-cAMP does not reactivate ICl.is,el after IBMX desensitization 
Time course for a representative cell showing that 500 /-lM 8-Br-cAMP could not reactivate 
ICI.islet following desensitization after application of 1 00 /-lM IBMX. Since ICI. I S let could not 
be recovered by stimulatory concentrations of ffiMX, forskolin, or 8-Br-cAMP, this 
suggests that inactivation of ICl.iSlet is likely due to a desensitization process distal to .the 
elevation of intracellular [cAMP]. 
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THE INACTIVA TION OF Ie,- .. ,ec IS NOT DUE TO A LOSS OF ACTIVA TABLE CL­
CHANNELS 
48 
I next sought to test whether exposure to a hypotonic solution 
could reactivate the Cl- channels, to confirm that the channels had not 
become irreversibly inactivated and were thus unable to open in response 
to any stimuli. After an expected transient increase and decrease in 
current in response to 100 11M IBM.){, 0. 75 T hypotonic solution was 
applied with IBM.){ in an attempt to reactivate I el . ",., . Figure 14 shows 
that this hypotonic solution was in fact able to increase I C l . i s l.,  after 
2. 5 minutes, in 3 of 3 cells presumably by causing cell swelling. The 
reactivation of I e ! .  i slet with hypotonic thus suggests that the 
desensitization of I Cl .  i s let  to cAMP levels is due to some process other 
than a full loss of activatable Cl- channels. Therefore, it is 
reasonable to conclude that the inactivation of Cl- current following 
cAMP stimulation is specific to cAMP elevation, as opposed to other 
channel activators. 
Figure 14: Hypotonic react ivates ICl.iSlrt after IBMX desensitization 
49 
Time course for a representative cell showing that hypotonic solution could reactivate 
Iel.iSkt- This suggests that inactivation of Cl- current following cAMP stimulation is speci fic 
cAMP,elevation and that hypotonic solution works through another signaling mechanism _  
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DISCU SSION 
This study demonstrates that I BMX and forskolin, two agents that 
increase intracellular cAMP in islet cells activate an 0 twardly 
rectifying current in H IT cells. This current is likely to be mediated 
by Ic, . ,.'et channels since 1) the current was reduced in amplitude when 
iodide was substituted for Cl-; 2) the current was blocked by niflumic 
acid, a well-known chloride channel blocker; 3) the current showed 
outward-rectification resembling that of ICl . iSlet ; and 4) the current 
reversed at simi lar potentials to ICl •  islet . These resul ts are thus 
generally consistent with the findings of Kinard and Satin (1995; and 
unpublished ) .  Therefore, we conclude that the current presently under 
investigation is the same as that identified by Kinard and Satin (1995) 
and termed I Cl . i s let . The activation of I C1 . isle< by I BMX appeared to be 
dose-dependent. These studies also provide evidence that ICl . , .,.t is not 
Ic�p , described by Holz et a i . (1995). This conclusion is based on my 
observations that neither the removal of extracellular Na' nor use of a 
pipette solution containing low intracellular [Ca2' j prevented Cl­
current activation. These conditions nearly completely block Ic�p (Holz 
et a i . ,  1995) . IC1 . islet was also unaffected by 100 �M La)' (Kinard and 
Satin, unpublished observations ) ,  which in contrast fully blocks I c�p 
(Holz e t . a i ,  1995). 
However, the most striking new finding presented here is my 
observation that ICl . ,.,.t rapidly decays following activation by cAMP­
stimulating agents. This spontaneous decline was not reversed by the 
subsequent addition of different cAMP raising agents, including I BMX , 
5 1  
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forskolin, or 8-Br-cAMP. Nevertheless, Ie!. .. et could be reactivated by 
applying hypotonic solution to the cells. This suggests tha he 
channels mediating Iel . , slet become uncoupled to [cAMP], after prolonged 
cAMP stimulation, and that hypotonic solutions activate ICl.,slet at least 
in part through other signaling mechanisms (see also Kinard and Satin, 
1995) 
In a study which resembled that of Kinard and Satin (1995), Best 
et al . (1996) demonstrated a time-independent outwardly rectifying 
conductance in HIT cells and rat �-cells that was activated by hypotonic 
and blocked by hypertonic solutions. The characteristics of this 
current are consistent with those of ICl. ,sle, (Kinard and Satin, 1995). 
Thus, the current was swelling-activated, showed the same halide 
permeability (Br>Cl>I), was similarly inhibited by D I D S , and required 
[ATP], for full activation. In addition, the reversal potential of �he 
current was similar to ICl. ,slet and unaffected by [Na']o removal (Best e t  
al . ,  1996). 
The present studies demonstrate that the substitution of external 
Na' with NMDG had little effect on ICl . .. let or its reversal potential. 
Therefore, it is reasonable to conclude that neither Na> permeability 
through the channel nor a separate permeability mediated by non­
selective cation channels can account for the observed deviation of the 
ICl. ,Slet reversal potential compared to the calculated Eel ' Furthermore, 
since IeAM? requires intracellular Ca2> and is blocked by La» , while 
Iel . , sl.t does not, it is reasonable to conclude that not all HIT cells 
express the same channel. 
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Glucagon- like-peptide- l  (GLP- l) is a gut-derived peptide that acts 
via its own G-protein coupled receptor to stimulate cAMP production and 
insulin secretion in � cells (Holz et ai. , 1993). This peptide hormone 
is known to modulate several target sites, resulting in increased �-cell 
electrical activity and potentiation of glucose-induced insulin 
secretion (Leech e t  ai. , 1996). Depolarization of �-cells by GLP-1 is 
believed to occur via enhanced closure of  ATP-sensitive K' channels 
(Leech e t  ai. , 1996). Additionally, Kinard and Satin (unpublished) have 
found that GLP-1 activates I C l . isl.t ' presumably due to a rise in 
intracellular cAMP. Upon activation of I e ! .  islet  by GLP-1, 
desensitization of the current was also observed. The present findings 
suggest that GLP-1-mediated Cl' current desensitization may involve 
distal desensitization to cAMP. One possible factor involved in this 
desensitization may be the rapid dephosphorylation of chloride channels 
by protein phosphatases. This hypothesis remains to be tested. 
Gromada et a i . (1996) also found transient activation of  �'rC3 
cells upon exposure to GLP-1. Their data showed that in the presence of 
glucose, GLP-1 caused membrane depolarization, initiation of electrical 
activity, and a transient increase in intracellular [Ca2']. Following 
the decay of [Ca2']i ' subsequent exposure to GLP-1 was unable to increase 
[ Ca2']i ' unless a prolonged recovery interval occurred. This behavior is 
similar to the present studies in that I Cl . is l.t could not be reactivated 
by a subsequent exposure to I BMX ,  forskolin, or 8-Br-cAMP following 
initial activation. However, unlike my results, Gromada e t  a i . (1996) 
found that an initial exposure to a stimulatory dose of  forskolin did 
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not interfere with the effectivenes s of subsequent exposure to GLP-1. 
Since repeated applications of GLP-1 caused a progressive loss  of 
responsiveness, consistent with GLP-1 receptor desensitization, it may 
be that cAMP coupling to [Ca'O] i and Cl- channels occurs via different 
pathways distal to GLP-1 receptors. 
Cl- channels are known to be present in virtually all animal 
cells. These channels play a role in a wide range of cellular 
activities such as cell volume regulation, signal transduction, and 
transepithelial transport (Jentsch and Gunther, 1997). Various classes 
of Cl- channels have been cloned and studied. Cell swelling following 
exposure to hypotonic solutions is known to result in the opening of 
certain types of Cl- channels (Jentsch and Gunther, 1997). One such 
example is found in Xenopus oocytes which is referred to as Ie! . swell . 
Activation of Iel. swell gives rise to an outwardly rectifying current that 
is blocked in the presence of D IDS . leI. islet is also a swelling induced 
current that can be blocked by D ID S . However, Ie1 , s_ 1 1  was also blocked 
by external cAMP, and therefore could not be Ie!. i s 1 et (Ackerman et al . , 
1994). A classic example of a cAMP-activated Cl- channel is CFTR. It, 
like I Cl. is1et ' is highly selective for chloride over iodide (selectivity 
sequence : Br�Cl>I) and requires [ATP] i (Jentsch and Gunther, 1997). 
Since CFTR does not show outward rectification, is not activated by 
hypotonic solutions, and is unaffected by D ID S  (Jentsch, 1993, Fuller 
and Benos, 1992, and Guggino, 1993), it is very likely that CFTR is not 
the same channel as that modulating Ie1 , ,,let. 
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The discovery of ICl, ,.let opens up new possibilities to account for 
previous data concerning islet cell electrical activity. The present 
studies show that cAMP transiently activates Iel, ,.let in HIT cells. cAMP 
is known to increase insulin secretion by depolarizing islet cells and 
increasing their burst frequency (Eddlestone et al. , 1985, Henquin and 
Meissner, 1984, and Ikeuchi and Cook, 1 984) Based on the present 
studies, l e I ,  islet would be expected to strongly but transiently 
depolarize the islet cell membrane following [cAMP ] ,  elevation by 
mediating an inward ionic current. While it is not yet clear that 
ICl,islet activation can account for the transient increase in plateau 
frequency and fraction seen in bursting islet � cells when exposed to 
cAMP, initial modeling studies are supportive (Satin, Kinard, and 
Sherman, unpublished). Thus, the discovery and characterization of 
ICl,islet may yield further insight into the involvement of cAMP and Cl- in 
� cell electrical activity and lead to some' new testable hypothesis to 
account for cAMP ' s action on bursting. 
The involvement of cAMP in modulating ICl , .. let and � cell 
electrical activity may also give insight into the mechanisms involved 
in channel activation distal to elevated [cAMP ] ,. The nature of these 
processes remain to be determined at the present time. For example, 
uncovering the mechanism underlying desensitization of current to 
intracellular cAMP may help us understand cAMP signaling in islets in 
general. In addition, understanding the regulation of Iel, islet by 
glucagon or GLP-1 may yield further insight into the physiological 
significance of these hormones in the regulation of insulin secretion. 
OHM ' S  LAW 
BASIC THEORY OF ELECTRO PHYS IOLOG Y 
Biological cel l  membranes have inherent electrical properties. 
These electrical properties result from the presence of a lipid membrane 
that is semipermeable to ions due to the presence of ion channels. The 
most prominent physical relationship in electrophysiology relates three 
parameters : voltage, resistance, and current. This is termed Ohm ' s law 
and is given by Vm=IR. When referring to a cel l  membrane, the voltage 
in question is usually referred to as the "transmembrane voltage or 
potential. " This parameter is the potential difference between the 
interior and exterior of the cell, measured wi th respect to the bath. 
Transmembrane voltage is represented by Vm and is measured in 
mil l ivolts. Current is a measurement of electrical charge passing a 
point per unit time. Current is represented by I and is measured in 
amperes (A), with 1 ampere corresponding to 1 coulomb moving per second. 
Resistors or conductors allow current to pass. Resistance (R) is 
measured in ohms ( n )  and is the inverse of conductance (G), which is 
measured in siemens (S). 
Ion channels in cel l  membranes are organized as paral lel pathways 
for current flow. During an action potential, the current flowing across 
a cel l  membrane is divided into ionic current and capacitive current. 
Ionic current ( I ,on,e ) is the summation of current flowing through ion 
channels and electrogenic ion transporters such as the NaO-KO pump and 
Na'-Ca'o exchanger, whereas capacitive current (Ie) is the product of 
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membrane capacitance and the rate of change of membrane voltage wit.h 
time. 
GATING OF CHANNELS 
Gating refers to the mechanisms involved in the opening and 
closing of ion channels. For example, voltage-sensitive gates of a 
channel open upon a change in the transmembrane potent.ial. This allows 
passage of ions through the channel. This process occurs through a 
conformational change of the channel protein. The modulation of 
channels is dependent upon many biological factors. There are five main 
types of gated channels : 1) voltage-sensitive; 2) ligand-sensitive; 3) 
second messenger-activated; 4) G-protein sensitive; and 5) stretch-
activated . However, most channels are considered to be "mixed" since 
vol tage-gated channels for instance may be modulated by ligands, and 
ligand-gated channels may be modulated by voltage. 
WHOLE-CELL VOLTAGE CLAMP TECHNIQUE 
To study membrane current, the whole-cell voltage clamp technique 
is employed. This technique allows one to measure membrane current 
while holding the membrane potential at a fixed value. The patch clamp 
is a type of voltage clamp which is useful for studying small cells or 
excised membrane patches. To hold the membrane at the desired command 
voltage, the patch clamp sends the appropriat.e amount of current. This 
current corresponds to the amount of current flowing through the ionic 
channels of the membrane once membrane capacitance is discharged. The 
58 
patch clamp technique has been used to study many different types of 
channels in a wide variety of cell types. 
The whole cell configuration is achieved by applying light suction 
once the on-cell patch configuration is achieved. Suction causes 
rupture of the patch of membrane just under the tip of the patch pipette 
without disturbing the gigaseal. However, one disadvantage of this 
configuration is that there is a loss of cellular contents that result 
from the dialysis of the cytoplasm. This loss of physiological 
substances often causes currents to " rundown " over time. Examples of 
cellular units that may be lost include enzymatic components involved in 
second messenger cascades and various small metabolites. This technique 
thus often limits the amount of time in which one can study membrane 
currents. 
I - V  RELATIONSHIP 
The conductance of the cell membrane can be determined from the 
I-V relationship of the channels in question. This relationship is 
referred to as an isochronal I-V relationship if it measures current 
given at different voltages at a fixed time. Linear I-V relationships 
are referred to as "ohmic, " while non-linear I-V relationships are 
" rectifying " I-Vs. Rectification occurs when membrane conductance 
varies with voltage, which is true in the case of most excitable cell 
membranes. In most cells, the conductance of the cell membrane 
increases with cell depolarization. Conductance can be determined from 
the slope of the I-V curve. An "ohmic " conductance remains fixed within 
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the observed voltage range. In the case of a "rectifying" I-V curve, 
however, conductance is not constant. For example, outward 
rectification describes an increase in conductance at voltages positive 
to the reversal potential in which there is a net loss  of positive 
charge from the cell. An increase in conductance at voltages negative 
to the reversal potential is described as inward rectification. In this 
case, there is a net increase in positive charge within the cell. 
Generally, a change in conductance occurs due to an asymmetric 
distribution of ions in solution or channel gating. 
On first depolarizing a cell membrane, a second voltage step to 
various potentials can be used to determine an "instantaneous " I-V 
relationship. This protocol produces a " tail current " that can be then 
plotted versus the size of the second imposed voltage. In the case of 
Na-, for example, this can yield an ohmic relationship. Current is then 
given by : INa=gNa ( Em- EN. ) , where gNa is the c·onductance predicted by the 
peak amplitude of the tail and the driving force is ( Em - ENa ) . Like this 
instantaneous I-V relationship for a macroscopic current, a single 
channel I-V can also be measured and is analogous. This relationship 
may be ohmic and is given by : 
conductance is y ,  Em i s  the membrane potential, and EeQ is the 
equilibrium potential for the ion in question. From this equation, the 
macroscopic current can be given by : I =NiPo ' where i is the single 
channel current, Po is the probability that the channel is open, and N 
is the number of channel s  under study. 
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GENESIS OF POTENTIAL ACROSS A MEMBRANE 
Transmembrane potential originates when there is an asynunetric 
distribution of ions across a cell membrane. It can be calculated using 
ionic theory to relate the ion fluxes present across the membrane. The 
Nernst equation allows one to determine the potential across a membrane 
that is in equilibrium with one ionic species. For chloride, the Nernst 
equation is given as : E=+ (RT/zF) In ( [Cl],/ [Cl]o). In biological 
systems in general, however, cells are permeable to several ionic 
species. The Goldman-Hodgkin-Katz equation takes into consideration the 
permeability of several ions, e. g. , K", Na", and Cl". It is given by : 
E= (RT / F) In ( PK [K] o + PNa [Na] o + PCl [Cl] ; l PK [K] i + PNa [Na] i + PCI [ Cl] 0 ) . The original 
ionic concentration difference is due to active processes like the 
Na/ KATPase of the plasma membrane. 
ELECTROPHYSIOLOGY OF Icl • isle,  
This study has shown that ICl. >slet is activated by agents t'hat 
increase intracellular cAMP in HIT cells. ICI. >slet would be expected to 
strongly depolarize the islet cell membrane at voltages negative to -40 
mV. Beyond this voltage value, ICl. ,slo, channels are predicted to open 
causing an efflux of chloride from the cell leaving the inside of the 
cell more positive. Bursting occurs within the range of about -65 mV 
(silent phase) to about -10 mV (peak of voltage spike phase). Within 
this range, I c l .  >slet would be expected to mediate an inward current due 
to net Cl- efflux. Hence, the onset of ICI. > 5lot activity would be expected 
to enhance bursting at least in part by aiding in cell depolarization. 
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The relationship between ICl. , .'_t and other currents involved in 
islet cell electrical activity remains unclear. It is known that an 
increase in the intracellular ATP : ADP results in closure of  K-ATP 
channels that leads to cell membrane depolarization due to decreased 
outward K· current and subsequent increased Ca'· in flux through Ca' · 
channels. Ca'· in flux leads to further accumulation of positive charge 
within the islet cell and hence, heightens cell depolarization. In 
relation to bursting, these ion fluxes occur at relatively negative 
potentials. It can therefore be hypothesized that cell membrane 
depolarization is not only due to closure of K-ATP channels and opening 
of  Ca'· channels but also to opening of  Ie! ' ,,'_t channels associated with 
an increase in intracellular cAMP. 
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